Abstract: A critical challenge in the fabrication of chalcogenide-glass infrared optical fibers is the need for first producing large volumes of highpurity glass -a formidable task, particularly in the case of multicomponent glasses. We describe here a procedure based on multimaterial coextrusion of a hybrid glass-polymer preform from which extended lengths of robust infrared fibers are readily drawn. Only ~2 g of glass is required to produce 46 m of step-index fiber with core diameters in the range 10 -18 μm. This process enables rapid prototyping of a variety of glasses for applications in the delivery of quantum cascade laser light, spectroscopy, sensing, and astronomy.
Introduction
There is currently widespread interest in developing mid-infrared (MIR) optical fibers [1] [2] [3] [4] [5] [6] [7] [8] to address multiple challenges in sensing [9] , spectroscopy [10] , and astronomy [11] . The recent availability of accessible MIR lasers, such as quantum cascade lasers (QCLs) [12] and supercontinuum laser sources [13] [14] [15] [16] [17] , have stimulated rapid developments in these fields. Progress in such applications is hampered -in part -by the lack of convenient optical fibers in this spectral range compared to their availability in the visible and near-infrared. Such fibers would alleviate difficulties in alignment and beam delivery that are particularly critical in the MIR. To encompass the full MIR spectral range of wavelengths 2 -15 μm, chalcogenide glasses (ChGs) [18] are the leading candidate for producing MIR fibers. Indeed, ChGs can be stably drawn into optical fibers [19] and their spectral transparency window may be readily tuned by compositional engineering [18] . Alternative glasses for the MIR, such as fluoride [20] and tellurite glasses [5, 14] , do not cover the full MIR spectral range -despite their other attractive features.
Compositional engineering of ChGs provides an extremely large design space encompassing the refractive index, transparency window, viscosity, crystallization temperature, and mechanical strength, among other physical degrees of freedom [18] , all of which are relevant for controlling the performance of ChG fibers. Consequently, there is critical need for a method that allows for rapid prototyping of ChG fibers to make use of these rich opportunities. Drawing a ChG fiber, however, usually necessitates producing a large volume of high-purity ChG material, which is a formidable task that requires specialized facilities available in only a few institutions. Preparing a small volume of high-purity ChG, on the other hand, is a more tenable goal, but is not suitable for use in current fiber fabrication approaches, whether the rod-in-tube or double-crucible strategies [4, 19] .
A particularly useful strategy for preparing fiber preforms is extrusion. This process creates extended objects with complex cross-sectional profiles by pushing a material 'billet' after softening through a die that dictates the shape. A wide range of glasses have been processed using this approach since the 1970s, including soda-lime silica, lead silicate, calcium aluminate and boric oxide glasses [21] [22] [23] . Extruding uni-material microstructure optical fiber preforms is now a standard approach, including the extrusion of preforms from soft oxide glass and polymer [24, 25] . Considerably fewer reports have been published on the extrusion of ChGs [26] [27] [28] . Notably, further material structure may be imparted to an extruded rod by judicious design of the billet itself. For example, vertically stacked discs in a billet extruded through a small circular die are converted into cylindrically nested shells. K. Itoh et al. reported in 1994 the extrusion of a step-index fluoride preform from two discs stacked in a billet [29] . Similar approaches were subsequently exploited to produce step-index fibers [26] [27] [28] and one-dimensional microstructured glass fiber preforms [30, 31] .
We recently reported a modification of this strategy that allows for assembling heterogeneous materials in a single hybrid billet: multimaterial stacked coextrusion [6] . Specifically, we made use of a vertically stacked billet to extrude a preform consisting of a ChG core-cladding structure surrounded by a built-in thermoplastic polymer jacket. Such a preform simplifies dramatically subsequent thermal drawing into a robust fiber containing complex transverse structures from brittle materials. This approach has led to the development of robust nano-tapers that enable optical dispersion engineering [32] and nonlinear optical enhancement through strong field confinement in high-index contrast all-solid structures [17] , leading to the generation of more than on octave of infrared supercontinuum light [16] .
Nevertheless, our coextrusion strategy [6] presents the same hurdle: a large volume of high-purity glass is required to prepare the preform. In this paper, we demonstrate a novel approach to producing extended lengths of ChG step-index fibers that requires only ~2 g of glass in the form of thin, small-diameter discs. We adapt the multimaterial coextrusion technique by engineering the three-dimensional volume of the extrusion billet. An assembly consisting of two small ChG circular discs (10-mm-diameter, 3-mm-thick) and a specially designed polymer enclosure is extruded into a preform that is subsequently drawn continuously into 46 m of robust multimaterial ChG fiber. This approach enables rapid prototyping of MIR ChG fibers with minimal required amounts of glass.
Experiment and discussions
We first distinguish between traditional uni-material extrusion and multi-material coextrusion, which are contrasted in Fig. 1 . The traditional process -applied to a ChG -is depicted in Fig.  1 (a)-1(d). A large ChG billet is required -here a 50-mm-diameter, 75-mm-long Ge-Sb-Se ChG rod. The extrusion process is illustrated schematically in Fig. 1(b) : the billet is placed inside a sleeve and is heated to the material's softening temperature before pressure is used to push the material through a die that imparts shape to the extruded rod. Extruding the billet in Fig. 1(a) 
The multimaterial coextrusion approach is depicted in Figs. 1(e)-1(g) applied to a composite ChG-polymer structure [6] . The starting point is a vertically stacked billet consisting of three discs, which are (from top to bottom): G 1 : As 40 S 30 Se 30 (corresponding to the high-index ChG core), G 2 : As 40 S 60 (corresponding to the low-index ChG cladding), and P: polyethersulfone (PES; corresponding to a built-in thermoplastic polymer jacket). Extrusion the horizontal interfaces to a vertically nested structure [26-28, 30, 31] . A drawback of this approach is that the extruded preform has an internal tapered core-cladding structure [ Fig.  1(g)] , leading, consequently, to only a small percentage of the initial materials (≈5 -10%) being useful in drawing a step-index ChG fiber structure. Crucially, large-diameter ChG discs (30-mm-diameter, 30-mm-thick) are required to construct the billet. At densities of 4.66 and 3.2 g/cm 3 for As 40 This latter challenge is addressed here using a second-generation multimaterial coextrusion approach depicted in Fig. 2 , which requires significantly less glass (only ~1.1 g of As 40 Se 60 , and 0.8 g of As 40 S 60 ) to produce a robust infrared fiber. We call this procedure multimaterial 'disc-to-fiber' coextrusion. We address the two challenges that marred our previous approach [6] -the large material quantity needed and the low utilization efficiencyby redesigning the hybrid ChG-polymer extrusion billet structure [ Fig. 2(a) ]. Similarly with the multimaterial stacked coextrusion process in [6] , we produce here preforms with stepindex ChG structure provided with a built-in polymer jacket. However, the billet was constructed using two 10-mm-diameter, 3-mm-thick ChG discs, corresponding to only a few grams of glass, which substantially simplifies the process of glass synthesis.
The ChG discs were prepared by melt-quenching [34] from high-purity elements, As, S, and Se (99.999%). The glasses used are G 1 : As 40 Se 60 and G 2 : As 40 S 60 with measured indices 2.904 and 2.472 at 1.55 μm wavelength, respectively [32] . The samples (typically 10 g in weight) were prepared by melting batches in evacuated (10 −4 Pa) and flame-sealed silica ampoules in a rocking furnace at 900 -950 °C for 12 h, quenching them in cold water to obtain solid ChG that is distilled and re-melt again for 4 -6 h, followed by quenching and annealing. Finally, the annealed samples were sectioned into discs and polished, as shown in Fig. 2(a) . Instead of using a polymer disc with the same diameter as the ChGs discs as in Fig. 1(e) , we make use of a 30-mm-diameter, 20-mm-long PES rod in which a 10-mm-diameter, 6-mmdeep hole is stepped [ Fig. 2(a) ]. A billet assembly results from fitting the two stacked ChG discs within this hole, is heated in a 30-mm-diameter sleeve to the softening temperature of both the ChGs and the polymer, and then pushed through a 4-mm-diameter circular die under 300 -500 lbs of force at ~0.3 -0.7 mm/min piston down-feed speed. The extrusion procedure is illustrated schematically in Fig. 2(b) and a photograph of the extruded multimaterial rod is shown in Fig. 2(c) .
There are several advantages deriving from the use of this billet structure. First, contact between the ChG discs and the metal walls of the extrusion sleeve is eliminated, thereby reducing contamination of the ChG at elevated temperatures. Second, the thickness-todiameter ratio of each glass disc is only 0.3, which is significantly smaller than that of the first generation extrusion (≈1) [6] . Hence, more material is converted into useful vertical structure (≈40 -50% here). To draw a MIR fiber from the extruded multimaterial rod [ Fig. 2(c) ], its diameter is first increased via a thin-film-rolling approach, as shown in Fig. 3(a) , followed by consolidation under vacuum at 255 °C [6, 7, 35] . Thermal drawing of the resulting preform in an ambient environment produces ~46 m of robust ChG fiber [ Fig. 3(b) ] with tens of microns core diameter, 1-mm outer diameter, containing a step-index ChG structure and built-in jacket [ Fig. 3(c) ].
The mechanical strength of the produced robust fibers is tested by measurements of the tensile strength of our materials using As 40 Se 60 and PES fiber samples in an Instron 3369 Testing System. A ChG As 40 Se 60 sample in the form of a 10-cm-long, 400-μm-diameter bare fiber was tested after first attaching both fiber ends to glass microscope slides with an epoxy to avoid directly gripping the brittle ChG fiber. The glass slides were then held vertically in the grippers of the testing system resulting in an effective fiber length of 74 mm (the section not covered with epoxy). During the test, the fiber was continuously loaded and stretched at a constant rate of 1 mm/min and the load was measured as a function of fiber length extension [ Fig. 3(c) ]. The fiber failed at a sample strain of 2.57 × 10 −3 , corresponding to a stress of 6.5 kPa. A 740-µm-diameter PES fiber of effective length 150 mm was mounted directly into the testing machine grippers. Two distinct regimes are recognized in the stress-strain curve: an elastic regime (strain < 0.04) followed by an inelastic regime in which the fiber length extends at a constant stress value (cold-drawing) [36, 37] . As a comparison between the two materials, at the maximum strain of 2.6 × 10 −3 μm/mm for the bare ChG sample, the stress measured for the polymer fiber is ≈6.5 MPa, which is ≈3 orders-of-magnitude larger than that of the ChG.
By examining the cross-section of the drawn fiber along its length, we determine the evolution of the ChG core-to-cladding diameter ratio, which ranges from 0 at the beginning of the fiber (only G 2 ) to 1 at the end of the fiber (where the thickness of G 2 is very small) -as plotted in Fig. 4(b) with axial position. These measurements indicate that useful robust MIR fibers are produced here with core-to-cladding diameter ratio of 0.09 -0.68. Reflection optical micrographs of fiber cross sections -taken at the positions indicated in Fig. 4(b) -are provided in Fig. 4(c) showing the change in the core-to-cladding diameter ratio. These micrographs were then corroborated with optical measurements carried out by coupling laser light at a wavelength of 1.55 μm into the fiber. To do so, three 10-cm-long samples with different core diameters were mounted on microscope glass slides and the facets were polished. Light was coupled in and out of the fiber using a pair of aspherical lenses of focal length 11 mm and the output facet was imaged onto a camera (MicronViewer-7290). A collimated white light beam was used to identify the ChG core-cladding region which appears as a shadow due to the opacity of ChGs and the transparency of the polymer in the visible Fig.  4(d) . Subsequently, laser light at 1.55 μm was coupled in the cores of the three samples and Fig. 4 (e) depicts the measured intensity distribution at the output showing field confinement in the different-diameter cores. We have reported elsewhere detailed studies of the linear (loss and dispersion) [6, 32] and nonlinear [16, 17] optical characteristics of this class of multimaterial fibers. 
Conclusion
In conclusion, we have described an efficient disc-to-fiber coextrusion methodology that alleviates the challenge of achieving large-volume, high-purity ChG synthesis necessary for producing MIR fibers. Instead, our multimaterial coextrusion approach produces composite preforms from which extended robust MIR fibers are thermally drawn while requiring only ~2 g of glass. We expect this procedure to impact the development of a new generation of infrared fibers by providing an efficient route to rapid, convenient, and low-cost prototyping of fibers from new materials -facilitating access to the large design space of ChGs via compositional engineering.
